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ABSTRACT 
This paper considers the possibility of onboard geometric correction of Thematic 
Mapper type imagery to make possible image registration. Typically, image regis- 
tration is performed by processing raw image data on the ground. The geometric 
distortion (e.g., due to variation in spacecraft location and viewing angle) is esti- 
mated by using a Kalman filter updated by correlating the received data with a 
small reference subimage, which has known location. Onboard image processing 
dictates minimizing the complexity of the distortion estimation while offering 
the advantages of a real-time environment. In keeping with this, the distortion 
estimation can be replaced by information obtained from the Global Positioning 
System and from advanced star trackers. Although not as accurate as the con- 
ventional ground control point technique, this approach is capable of achieving 
subpixel registration. Appropriate attitude commands can be used in conjunction 
with image processing to achieve exact overlap of image frames. The paper in- 
vestigates the magnitude of the various distortion contributions, the accuracy 
with which they can be measured in real-time, and approaches to onboard 
correction, 
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The Thematic Mapper scans a succession (16 1 ~f lines on the earth, 
each of which is 185 kilometers long. This is pbhed by optiedly focus- 
ing the light from the scene and sweeping it across a row of 
photodetectors. The scanning action is contlnwtwly Fepeatecf with the space- 
craft motion causing successive scans to lie a fixed distance f r m  each other. 
A user of images produced by Thematic Mapper is likely ta be interested in 
some particular kind of geologic, agricultural, urban, or ather feature of the 
scenes being analyzed. In performing this andysis, it is frequently desirable 
that two images of the same scene be registered; that is, each physical part of 
the scene is in the same location on the two images so that the picture elements 
(pixels) of the two images can be aligned. Such precision is not easy to attain, 
mainly because of varying distortions and viewing corrditions from one image 
to the next. (See Figure 1.) 
2 
3 
Registration is accomplished by estimating the sources of distortion and perform- 
ing geometric correction to compensate for the distortion. The ultimate registra- 
tion error is therefore primarily determined by the accuracy of the distortion 
estimation, not by its actual magnitude. The levels of registration differ by the 
amount of processing required. Isodistance requires constant interpixel distances 
and parallel scan lines in images of the same region. However, different images of 
the same region have an unknown relative displacement which is generally not an 
integer number of pixels. Absolute location of pixels specifies the relative dis- 
placement of different images and must be an integer number of pixels. Exact 
overlap of image frames require the same distortion information as absolute loca- 
tion registration; however it requires that the geometric correction produce image 
frames with exactly corresponding pixel locations. Map projection includes the 
previous levels of registration in addition to correcting the distortion caused by 
factors not issociated with the satellite (e.g., earth curvature and rotation). 
(See Figure 2.) 
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The location of the spacecraft with respect to the ground at a given time of 
day can vary significantly for different passes over a region. Pixels compared 
at the same time of day for subsequent passes, with no knowledge of space- 
craft location, can cause significant offset in pixel location. Absolute loca- 
tion registration requires that this offset be known and corrected and is 
essential if different images of the same region are to be compared. (See 
Figure 3.) 
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Variation in the spacecraft altitude for different passes over a region affects 
pixel spacing in the cross track direction for both isodistance and absolute 
registration. Except for the effect of variation in the orbital velocity, the dif- 
ference in the spacecraft’s along track and cross track position has no impact 
on isodistance distortion. The altitude and orbital velocity of the spacecraft 
changes very little in comparison to the cross track drift for different passes 
over a region. Consequently, isodistance distortion caused by ephemeris varia- 
tion is far smaller than the corresponding absolute distortion. (See Figure 4.) 
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The scanning motion of the Thematic Mapper must be precisely the same on 
subsequent passes over a region if no distortion is to be introduced. Variation 
in the active scan duration (i.e., scan velocity) will cause stretching (or com- 
pression) of the pixel spacing within a scan line. Variation in the scan period 
will cause the spacing between scan lines to be different for subsequent images 
of a region, causing different images of the same region to have a different 
number of scan lines. (See Figure 5.) 
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The spacecraft is assumed to be in an earth-pointing attitude mode. Variation 
in the absolute attitude of the spacecraft with respect to a previous pass will 
cause an absolute location registration error proportional to this attitude vari- 
ation. Such variation is limited by the accuracy of the star tracker. Isodistance 
registration requires a stable attitude reference during the scene, but is relatively 
unaffected by the absolute accuracy of this reference. Consequently, isodistance 
registration is primarily determined by the gyro drift in the stellar-inertial atti- 
tude reference system. (See Figure 6.) 
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For the reasons previously cited, the attitude of the Thematic Mapper must be 
held constant (with respect to the earth-pointing frame of reference) to prevent 
distortion. However, the coordinate axes of the Thematic Mapper are not the 
same as those of the Attitude Control System. The difference between these 
sets of axes exhibits both long term drift and a short term sinusoidal variation 
at the orbital frequency due to thermal effects. The relative alignment of the 
Thematic Mapper and the Attitude Control System must be determined and the 
appropriate geometric correction performed. (See Figure 7.) 
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The technique usually employed to estimate distortion on the ground uses ground 
control points which consist of 32 by 32 pixel subimages with known location. 
The received imagery is correlated with the ground control point to determine the 
proper position of one pixel. A dynamic model is used for the distortion, with 
the correlation information serving as observations of the distortion process. By 
using Kalman filtering, the distortion at each pixel in the image can be estimated 
and corrected. Variations in the scan duration occur at a higher frequency than 
can be measured by ground control points; consequently, scan distortion must be 
measured by the Scan Angle Monitor. (See Figure 8.) 
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The location and velocity of the spacecraft can be determined to 2 5 meters and 
k0 .3  meters per second (one-sigma), respectively, by using the Global Position- 
ing System. The isodistance registration error depends on the velocity uncertainty 
over the duration of a scene (approximately 30 seconds). The GPS velocity un- 
certainty has less impact on pixel spacing over the scene duration than does the 
GPS location uncertainty. The attitude of the spacecraft is determined by the 
attitude control system. The absolute attitude accuracy is consequently limited 
by the stellar-inertial attitude reference, which is assumed to use a star tracker 
of advanced design. The isodistance attitude error is determined by the stability 
of the spacecraft’s attitude during a scene, not by its absolute pointing accuracy. 
Alignment can be calibrated every few days from the ground using ground con- 
trol points. Isodistance registration requires the scan lines to be parallel for dif- 
ferent images of a region; as a result the alignment error due to yaw is the same 
for both absolute and isodistance registration. Scan distortion must be estimated 
from the Scan Angle Monitor information. Because of the high frequency con- 
tent of the scan distortion, it also has the same impact on isodistance and abso- 
lute registration. (See Figure 9.) 
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The onboard real-time environment dictates that processing and data storage be 
kept as small as possible. However, in order for the processing to be useful, it 
must meet certain minimum requirements in terms of registration accuracy. Ab- 
solute registration accuracy in the 0.5 to 0.3 pixel range can be achieved without 
the use of ground control points. Isodistance registration accuracy of 0.2 pixel 
is also achievable. Improvement in absolute registration accuracy to less than 
0.2 pixel (one-sigma) can be obtained with the use of ground control points; 
however, this requires a very sophisticated distortion model in addition to the 
large number of ground control points. Processing considerations therefore 
indicate that ground control points be avoided if acceptable registration per- 
formance is achieved without them. (See Figure 10.) 
20 
v) w I- 
3 
0 n a 
W 
K 
v) 
W 
I- 
I- 
v) 
a 
- 
w 
K 
K 
w 
Y 
0 
K 
I- 
K 
a 
a 
k 
,v)  
I- 
2 
w 
I 
w 
K 
3 
0 w 
K 
w 
- 
0 
(v 
2 
z 
I- 
U 
s 
a 
!z 
K 
w -> 
2 
s 
a 
a 
K 
w 
v) 
I- 
v) 
w 
1 
I- 
z 
0 
F= 
4 
8 
W 
K 
K 
0 
0 
.d c,
&I 
c, 
8 
c 
8 
2 w 
1 n 
E 
I- 
1 
w 
A 
(3 
2 a z 
E 
a 
i2 
Y n 
0 
(3 
-
(3 
K 
0 
a 
t;j 
2 a n 
3 w 
L 
e 
n 
0 
(3 
0 
K n s - 
e e e e e 0 e E 
0 
(3 
e 
0 e e e 
a a 
21 
Ephemeris adjustment is employed infrequently because of limitations in the 
propellant capacity. Large cross track drifts can be corrected by performing 
ephemeris adjustment once every 16 days. Because of the response time of the 
attitude control system, attitude commands can be used at most only a few 
times per orbit. This is sufficient to minimize the data storage requirement by 
maintaining the scan lines to be roughly parallel to the reference scan. Also, 
by pointing cross track, attitude commands can facilitate the exact overlap of 
image frames. The remaining geometric correction is performed by resampling 
the pixel intensities to achieve the desired output matrix. Resampling consists 
of locating the position of a desired pixel in the scanned image and interpolating 
to determine its intensity. (See Figure 1 1 .) 
22 
I- 
E 
3 
5 
iG 
a a 
z 
a 
E 
W 
W 
W 
if 
t 
a a 
2 a 
8 
El 
t 
5 
8 
- 
Y 
I- 
0 
0 
a 
a 
W 
m 
p. 
E 
0 
m a z 
E 
E 
a 
8 
W 
3 
a 
k 
5 
e 
v) 
U s a 
W 
I- 
2 
W 
E z 
!2 
a 
z! 
El 
k 
8 
W 
m z 
W 
p. 
H 
0 
e 
4 
a 
W > 
0 
W z 
U 
L 
I- o 
a 
a 
5 
0 
(3 
2 
A e 
E a 
a 
- 
m 
W 
a 
a 
a 
t: 
a 
k 
2g 
8 E  
W 
2 
2 
0 
L L  
W 
m 
Z W  
I a  
0 
2 a 
E 
I: 
n 
a 
W 
W 
W 
El 
a 
3 
8 
W 
I- 
m 
a. 
E 
0 
X 
I-E 
@ 
-E  
W 
3 
I- 
I- 
a 
k 
a 
a m  28 
a 
W a  
I - W  a m-1 
32  
Q-I- 
E z  
88 
0 
23 
The image registration functions are specified in the block diagram. The cor- 
rection determination box accepts scan duration and ephemeris information 
from the Thematic Mapper and GPS receiver, respectively. Alignment informa- 
tion is periodically furnished to this box from the ground. The correction 
determination box uses this information to determine attitude commands and 
resampling parameters, and the appropriate header information giving the loca- 
tion of a given image frame is also calculated. The resampling box accepts the 
correction parameters and performs the appropriate resampling and data for- 
matting of the radiometrically corrected data. The resampling box should 
consist of custom-designed hardware because of the speed with which the 
processing must be performed. (See Figure 12.) 
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